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Abstract 
TES is a technology that has been taken more importance in the last decades because of the increasing 
demand of clean energies, to avoid environment polluting by energy production from fossil sources. For 
that reason has been developed many materials for energy storage so far, but  many of them are still much 
expensive and produce lesser energy than conventional fuels.   
In this research the potential use of waste-process salts, coming from the non-metallic mining industry 
in northern Chile, as heat storage materials were studied. The cost of these salts is low, and it corresponds 
to the transport cost to the application place mainly. The stability and thermophysical properties of two 
hydrated double salts, astrakanite and kainite, were determined by thermogravimetry and differential 
scanning calorimetry techniques. That information was useful to establish the range of application for 
these waste-salts as materials for sensible energy storage. The results proved that both salts are suitable 
for using as heat storage materials at low temperatures, 0ºC to 120ºC. Also it was found that the 
anhydrous phase of astrakanite can be used as solid TES material at higher temperatures, 350ºC to 530ºC. 
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Introduction 
The increasing energy demand, because of the global economy growth, has motivated the research in 
more efficient and clean technology for the use of energy for domestic and industrial purposes. The 
storage technologies are the main development so far and they have the aim of storing energy at high or 
low temperature for later consumption. The main types of energy storage are: Solar energy storage for 
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heating day overnight, summer heat storage for use during the winter, winter ice storage for cooling 
rooms in summer and heat storage cold or electrically generated during off-peak hours for consumption in 
peak hours [1]. TES is associated with solar energy commonly because of the peak hours of power used 
do not coincide with the hours of sunlight usually, e.g. the increasing energy consumption is given after 
sunset. Therefore the energy storage can help reduce these problems to deliver the stored energy in peak 
periods such as at night or on cloudy days [2].  
In general, there are three types of thermal energy storage systems: chemical reaction, sensible heat 
and latent heat. Storing heat produced by reversible chemical reactions is chemical TES. The sensible 
TES uses the energy released or absorbed when the temperature decreases or increases. According to the 
physical state of the sensible storage medium, they are classified as solid (rocks, ceramics, plastic foams 
and others) and liquid media (water, oil, molten salts, etc.). Latent TES medium has the ability to store or 
release the same amount of heat  than the energy associated with the phase change heat, usually from 
solid to liquid and liquid to solid states [3]. 
The North of Chile has a unique potential for developing and implementing clean energy technology. 
On the one hand, the climate represents an opportunity for developing clean technologies, based on the 
use of solar energy. On the other hand, the large reserves of salts found in the Atacama salt lake and other 
salt lakes have potential applications as thermal energy materials. Therefore the aim of this investigation 
is to evaluate the potential of two double hydrated salts to be used as thermal storage materials. These 
salts are waste materials from the extraction processes of the non-metallic industry in northern Chile. The 
samples were characterized by scanning electron microscopy, SEM-EDX. TG and DSC were performed 
to the salts to determine their stability range and heat capacity. Finally the thermal properties and cost of 
these salts were compared with the common materials used for thermal storage in engineering 
applications. 
2. Experimental part 
2.1Materials 
The astrakanite sample was synthesized from a mix of 18.18 % of Na2SO4, 16 % MgSO4 and 66% 
distilled water. The compounds used were reagent grade from Merck. The mix was prepared at room 
temperature and heated to 50 ºC to evaporate the water and precipitate 218 g of astrakanite.  
The kainite sample used is a waste-salt from the evaporation stage of a salt production process. 
2.2 Morphological Characterization  
The chemical analysis of the sample composition and its impurities were determined using, a scanning 
electron microscope, SEM, (Jeol, model JSM6360 LV) coupled to an energy dispersion spectrometer, 
EDX, (Inca Oxford). The measurements were made at low vacuum, using an electron beam of 20kV, 
work distance of 10 mm, spot size of 60mm and backscattered electron signal.  
 
2.3 Thermal properties 
 
The astrakanite (Na2SO4·MgSO4·4H2O) and kainite (KCl·MgSO4·3H2O) samples, were dried at 40 ºC 
for 12 h before using. 
To evaluate the thermal stability of the salts, the equipments used were: TGA-DSC 1 METTLER 
TOLEDO and NETZSCH DSC 204 F1, with nitrogen atmosphere (Volumetric flow of 25 ml· min-1) and 
heating rate of 5K/min. Sealed containers made from Aluminum, of 40μL of capacity, were used to 
contain the samples (10±0.1 mg). 
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To determine the heat capacity was used a NETZSCH DSC 204 F1 with nitrogen atmosphere 
(volumetric flow of 20 mL·min-1) at the temperature range from 0 °C to 100 ºC for astrakanite, kainite 
and anhydrous phase of astrakanite. Sealed containers made from Aluminum, of 40μL of capacity, were 
used to contain the samples (10±0.1 mg). The RATIO METHOD was used to calculate the Cp values as a 
function of temperature. 
3. Results and discussions  
 3.1 Morphological Characterization 
The morphological study for Astrakanite and kainite made using SEM-EDX is presented in 
Fig.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. SEM-EDX results for phase identification of a) astrakanite and b) kainite with mayor impurities (only one crystal of each 
major impurity was indicated) 
 
It can be observed in Fig. 1a, that astrakanite has crystals separated, with rhombohedra shape, and it 
was not detected the presence of impurities. The discard salt, harvested from evaporation ponds, kainite, 
presents agglomeration. The SEM-EDX analysis of this sample (see Fig.1b) allow to identify the main 
component of the agglomerated compound, KCl·MgSO4·3H2O, and the main impurities, KCl and NaCl. 
(b) 
630   S. Ushak et al. /  Energy Procedia  57 ( 2014 )  627 – 632 
3.2. Thermal properties 
The ¡Error! No se encuentra el origen de la referencia. shows the TGA and DSC curves for 
astrakanite and kainite. 
Fig. 2. TG and DCS curves for a) astrakanite and b) kainite. 
 
In the Fig. 2a can be observed that astrakanite sample is stable at the temperature range from 0ºC to 
139 ºC. At this last temperature starts a weight loss of the sample, in two stages, until reaching 320 ºC, 
where an anhydrous phase of astrakanite is formed. The total weight loss is 21 % at 140 ºC to 320 ºC, 
corresponding to four water molecules released. For the kainite sample (see Fig. 2 b) is observed that 
weight loss starts at 120 ºC, this lost is 12 %, until the final analysis temperature, 320ºC, is reached. For 
kainite it was not observed the formation of a stable anhydrous phase.  
TG and DSC studies were performed to evaluate the use of the anhydrous phase of astrakanite as a 
solid TES media at high temperatures. The TG results showed no weight loss between 320 ºC to 750 ºC. 
DSC results (see Fig. 3) revealed that the anhydrous phase of astrakanite presents a reversible melting –
solidification behavior in the range from 570 °C to 680 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. DSC cyclic study of high- temperature phase of astrakanite sample. 
 
The results obtained of heat capacity for the astrakanite, kainite and anhydrous phase of 
astrakanite are shown in ¡Error! No se encuentra el origen de la referencia.4. The average heat 
(a) 
(b) 
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capacity for astrakanite is 1.131 J g-1K-1 and for kainite 0.985 J g-1K-1, at a temperature range from 0 °C to 
100 °C, and for the anhydrous phase of astrakanite at high-temperature, is 1.525 J g-1K-1.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Heat capacity for a) astrakanite and kainite for the temperature range 0°C to 100°C; b) anhydrous phase of astrakanite 
 
Using the heat capacity values determined and the average density values reported in literature 
for hydrated salts [4], the thermal properties and cost for the studied salts were compared to typical 
sensible heat storage materials [5]. The salt cost was estimated based on the cost of the by-products from 
the Atacama salt lake mining commercialized. The value used was 250 USD/t.   
  As shown in Fig. 5, astrakanite and kainite are located near the central zone (see Fig. 5a). This 
section contains ceramics materials [5], which have greater heat capacity than metals and alloys. For the 
cost comparison of the salts, in Fig. 5b can be seen the studied salts are near halite location, indicating 
that they have greater heat capacity and lower production cost than typical materials. 
 
 
 
Fig. 5. Comparison of a) thermophysical properties and b) cost of the studied salts with different engineering materials [5]. 
Further studies will be made to determine the thermal conductivity, thermal expansion, density and 
energy density storage for the anhydrous phase of astrakanite  
(a) (b) 
(a) (b) 
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Conclusions  
It was determined that astrakanite and kainite, waste process-salts from the non-metallic mining 
industry in northern Chile, are suitable to be used as heat storage materials at low temperatures, from 0ºC 
to 120 ºC. It was found as well that the anhydrous phase of astrakanite can be used as a solid TES 
material at a high temperature range, 350ºC to 530 ºC.  
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